The ERA-Interim reanalysis wind based on the distance-weighted average remapping for studying the wind circulation in Nigeria is presented. The wind flow using this atmospheric model simulation is studied for identification of grid-tie electrification opportunities in different wind locations. A 10-year reanalysis wind speed components at a surface level of the planetary layer at 0.25˚ × 0.25˚ spatial resolution is obtained and remapped into a new horizontal wind field at a grid resolution of 0.125˚ × 0.125˚ covering longitudinal and latitudinal directions of 3.0 -15.0˚E and 15.0 -3.0˚N, respectively. Using the distance-weighted average technique, the remapped wind field at a new grid resolution of 0.125˚ × 0.125˚ is compared at different terrain elevations and approximated close to the actual wind field of the same resolution. To determine the suitability of the prevailing wind for small-scale energy conversion, the magnitude of wind flow across the remapped wind field is studied for a 10-year period. Analysis shows that northern regions of Nigeria have a fair wind potential for a stand-alone application based on the wind flow originated at Gulf of Guinea as well as Chad and Niger. Furthermore, hourly surface wind speed observations from 18 synoptic stations in Nigeria are obtained and compared with the bilinear interpolated wind stations. The reanalysis wind reflects the surface wind observations and proves that the prevailing wind in Nigeria is higher than the reanalysis wind projection obtained from gridded data at resolution of 0.125˚ × 0.125˚. The sectorwise wind directions at each synoptic stations for a period of 10 years are presented.
Introduction
Wind is produced when different forces of the atmosphere (such as the pressure gradient force, Coriolis force, frictional force and centripetal force) act on a parcel of air in motion from a high pressure to a low pressure region. In addition, the wind is primarily driven by differences in air pressure at two regions or levels, though rotation of the earth does have an influence on the direction of wind flow. The wind flows from a higher pressure to a lower pressure system in an attempt to balance the pressure at two different regions. These variations in air pressure are attributed to temperature differences caused by variations in solar energy received on earth surface. (That is, there is uneven heating of the earth surface by solar radiation which causes temperature differences and hence, atmospheric pressure differences across the surface which produces the wind). The balance of these forces in the vertical and horizontal directions gives rise to the different kinds of winds (gradient wind, thermal wind, geostrophic wind etc.). The frictional force is another atmospheric pressure that opposes the wind flow and causes the air parcel to turn slightly toward lower pressure region. Furthermore, the Coriolis force deflects the direction of wind flow to the right in Northern Hemisphere and to the left in Southern Hemisphere due to earth rotation. Hence, the pressure gradient force (pgf), frictional force, Coriolis force and centripetal force are the main drivers in wind circulation at any considered location. The interaction of these forces and the effects on wind flow are best understood using an atmospheric simulation.
An air parcel which is at initial rest will move from a high pressure to low pressure region due to the pressure gradient force. When the air parcel moves, it is deflected by the Coriolis. As the air parcel gains momentum, this wind deflection increases until the Coriolis force equals the pressure gradient force. This condition is called the geostrophic balance and at this point the air parcels are parallel to the isobars. Therefore, this movement of air parcels parallel to the isobars due to this balance is referred to as geostrophic winds. According to Nilsson and Ivanell [1] , the geostrophic wind is found at altitude higher than 1 km, largely driven by air temperature differences, and unaffected by the earth surface.
Several wind studies have been conducted on the analysis of wind speed distributions and power densities using the historical records at a reference or group of synoptic stations at different wind locations in Nigeria. However, no study has been conducted on the regional wind circulation in Nigeria, using a high resolution wind simulation from the climate mode. In the earlier wind study conducted by Aidan et al. [2] , the surface wind obtained at 8 synoptic stations in the northern Nigeria where fitted using the Normal, Weibull, Rayleigh and Gamma probability density functions. They concluded their wind study at 80 m hub height to be very satisfactory for utility-scale power generation at four stations: Gusua, Kaduna, Maiduguri and Zaria. As presented by Fadare (2008) , the author conducted a statistical wind energy analysis using daily wind records from station mast for 10 years period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) , obtained from the International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. The daily, monthly, seasonal, and yearly wind speeds were modeled using Weibull probaility density function. The annual mean wind speed in Ibadan was estimated at 2.75 m/s, while Weibull mean wind speed and the power density were estimated at 2.947 m/s and 15.484 W·m −2 , respectively. The author classified Ibadan city to be a low wind energy region. Ohunakin [3] in the study conducted a wind energy assessment using a 21 years station observations at Uyo city in Niger-Delta obtained from the Nigerian Meterological Agency (NIMET). The historical speed records were statistically analyzed using both Weibull and Rayleigh density functions, and results show Uyo station to have mean wind speed of 3.17 m/s and maximum at 3.67 m/s with a corresponding wind power density approximated at 19.91 W·m −2 for a year's record. The mean wind speed at this station was not economically viable for a medium nor utility-scale energy application but suitable for small-scale application only as the station falls within class 1 of the international system of wind classification. Furthermore, a number of few wind studies have been conducted on assessments of the wind speed characteristics at different locations in Nigeria by Ojosu et al. [4] [5], Adekoya et al. [6] , Anyanwu et al. [7] , Agbaka [8] , Igbokwe et al. [9] , Medugu et al. [10] , Ngala et al. [11] and Oriaku et al. [12] . In literature, the wind speed record was modeled using different analytical tools such as: statistical modeling (Weibull and Rayleigh distribution functions); Seasonal Autoregressive Integrated Moving Average Modeling; Linear and Multiple Regression modeling; stochastic simulation; and Artificial Neural Network (ANN).
A recent study on the development of medium-scale wind farm in Katsina-Nigeria was presented by Garba et al. [13] . From the review on the wind studies conducted by different authors in Nigeria; using either the reference, a combination of different meterological observations or monthly mean wind records is not sufficient because most cities and synoptic stations have poor historical wind records and are unsuitable for regional resource assessment in Nigeria. Some of the synoptic observations had missing wind climatologies for different time of days, weeks and month making wind assessment difficult to carry out. This may be attributed to local topographic effects on the wind flow, power supply failure to the data logging systems deployed on meterological masts, missing observation due to data transmission error from the synoptic station to data centre, data logger failure, calibration error or degradation of existing sensors deployed on the various station masts. The effects of boom and other mounting arrangement around a synoptic mast may introduce a large bias in wind sensing as shown in the wind tunnel studies conducted by Pedersen et al. [14] . Due to the effect of local topography on the wind flow at different geographical locations in Nigeria, a low quality of historical wind records due to deterioration of weather sensors (such as temperature, pressure, turbulence or cup anemometer mechanisms) as well as insufficient synoptic stations at strategic locations for wind measurements on regional scale in Nigeria, a mesoscale wind modeling covering the landmark is required. The mesoscale modeling has an acceptable accuracy level, very cost-effective and provides long-term wind resource estimates over geographical locations with limited in situ measurements or at synoptic stations with no historical wind climates. Using low quality wind observations often leads to a poor guide in the identification and mapping of potential locations for wind atlas development [15] . Furthermore, the solid state wind sensors deployed on synoptic masts have replaced the traditional mechanical cup anemometers because of the following: interference of the station tower, boom and other mounting arrangements obstructing the wind flow, the anemometer design and calibration procedure, response to turbulence characteristics of the wind flow, atmospheric stability measurement needs, deterioration of mechanical parts of the cup anemometer at stations due to harsh weather conditions [16] .
The ERA-Interim simulation is a global atmospheric reanalysis dataset produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). The ERA reanalysis dataset provides a multivariate, spatially complete, and coherent records of the global atmospheric circulation. The atmospheric model, data assimilation method, and the in situ observations used in producing the ERA-Interim dataset as well as the basic performance evaluation are discussed by Dee et al. [17] .
Though, ERA-Interimwind datasets have insufficient resolution to allow for direct utilization in wind resource assessment (lower resolution of the model output and the coarse representation of orography over the land-sea surface), however, they can be used to: provide the boundary conditions to mesoscale modeling capable of deriving wind climatologies at a higher resolution on regional scale; resolve local and regional circulation patterns and the atmospheric boundary layer, and can be applied over domains of several hundreds of kilometers squared covered with a grid mesh with a resolutions of a few kilometers [18] [19] . In summary, the ERA-Interim wind reanalysis dataset provides a global view that encompasses many essential climate variables in a physically consistent framework with only a short time delay. For wind assessment study, it can be used to provide a global view on the wind circulation at desired geographical location. The application of the reanalysis wind has been presented by Buzzi et al. [20] where the ECMWF reanalysis data was used to provide boundary conditions for the parallel version of the hydrostatic model BOLAM (Bologna Limited Area Model) for generating the wind statistics over the Mediterranean over a 2 years period at a 10 km grid resolution.
In this study, the ERA-Interim wind speed components are utilized for studying the wind flow into Nigeria, originated at Gulf of Guinea and two neighbouring countries (Chad and Niger). The wind circulation is studied for identification and mapping of wind potential sites in Nigeria. The wind flow from Gulf of Guinea originated from Guinea and Benguela currents, while Chad and Niger flow originated from Mediterranean Sea. The considered geographical coordinates of the proposed wind field covers longitudinal and latitudinal directions of 3.0 -15.0˚E and 15.0 -3.0˚N, respectively as shown in Figure 1(a), Figure 1(b) . The 10 meter U and V wind components from the ERA-Interim dataset at a temporal resolution of 00:00:00, 06:00:00, 12:00:00 and 18:00:00 UTC for period of 2005-2014 are obtained on spatial resolutions of 0.125˚ × 0.125˚ and 0.25˚ × 0.25˚ [21] . Using the wind speed components at a grid resolution of 0.25˚ × 0.25˚ (dimension = 2401, number of grid points in the longitudinal direction "n x " = 49, number of grid points in the longitudinal direction "n y " = 49), within a geographical coordinates boundary of λ x = 3 -15˚E, φ y = 15 -3˚N, a new wind field is desired at a higher resolution of 0.125˚ × 0.125˚ (dimension = 9469, n x = 97, n y = 97) for the coordinates of λ x = 3 -15˚E, φ y = 15 -3˚N. A grid description of the source wind dataset on 0.25˚ × 0.25˚ resolution is used to reproduce a wind field on a new grid resolution of 0.125˚ × 0.125˚ using the concept of distance-weighted average remapping. To prepare a platform for evaluation of the remapped wind field and determining the accuracy of distance-weighted average technique in remapping from one grid resolution to another, the distance-weighted wind speed components at a new grid resolution of 0.125˚ × 0.125˚ (dimension = 9469, n x = 97, n y = 97) are compared against the actual wind speed components at the same grid resolution (dimension = 9469, n x = 97, n y = 97) using the following tools: 1) the climate data operator and 2) ferret running on a linux-based machine. The estimated daily, monthly and annual wind speed biases show that the gridded wind components on a grid field of 0.25˚ × 0.25˚ resolution can be remapped into a higher resolution for smooth and flat terrain, and may be substituted with gridded dataset on a wind field of 0.125˚ × 0.125˚ grid resolution. For complex terrain at different locations in Nigeria, the remapped wind field deviates from the actual wind field of the same resolution. Furthermore, the wind speed chart for 10 years period using the remapped and actual wind fields at 0.125˚ × 0.125˚ resolution is produced. To identify wind potential region, the bilinear interpolation on the remapped wind field (0.125˚ × 0.125˚, dimension = 9469, n x = 97, n y = 97) was done to obtain the wind speed gridded datasets for 18 synoptic stations within the considered geographical coordinates of the wind field.
According to the World Meteorological Organization (WMO) list containing surface and upper-air weather stations' records for synoptic applications, the Nigerian Meteorological Agency (NIMET) has a number of synoptic stations at coordinates of λ x = 3 -15˚E, φ y = 15 -3˚N. Using the geographical coordinates of the considered 18 synoptic stations, the hourly surface wind observations available for these stations in Nigeria are obtained from the National Ocean and Atmospheric Administration (NOAA) database [22] . The hourly surface wind observation for each weather station is available and converted to monthly and annual mean wind observations. The ERA monthly and annual wind speed for each station are estimated, and compared with the monthly and annual surface wind observation available for each synoptic station. The remapped wind field approximated close to the actual wind field at a smooth and flat terrain while the discrepancies of the remapped wind field from the actual wind field increased with terrain elevations and contours. Comparisons of the wind statistics for 18 synoptic stations using the ERA wind simulation and surface wind are presented. The reanalysis wind reflects the wind flow for identification of potential wind locations in Nigeria. Based on the direction of wind flow from Gulf of Guinea as well as Chad and Niger into Nigeria, the wind sites in northern Nigeria suitable for grid-tie electrification are identified. Section three discussed the methodologies for remapping of gridded dataset and validation of remapped wind field; the wind flow convergence and divergence as well as the wind resource distribution over a 10 m AGL at different geographical locations in Nigeria for identification of wind potential sites in Nigeria is discussed in section four. Conclusion is made on the prospective of wind energy investment in Nigeria.
Data Collection
The first step in wind flow study for identification of wind potential wind sites in Nigeria is to identify and map the area of interest. To capture the map of Nigeria as shown in Figure 1 To prepare a platform for evaluation and comparison of the bilinear interpolated stations on the remapped wind field, the historical wind observations at 18 stations on 10 m height AGL were obtained online from NOAA. Quality check on the hourly surface wind observations was made for each synoptic station and Table 1 summarizes the annual surface wind observations available for each station on a 10 m height above ground level (AGL). Gus.
Pot. 
Methodology
Two climate data tools running on the linux-based machine (workstation): climate data operator for manipulating and analysing climate model output and ferret for graphical display of the wind flow, were utilized for this study as shown in Figures 4-22 . Upon the completion of data collection phase for the proposed wind flow study, the next procedure is to determine the grid information or metadata of the source wind speed components (0.25˚ × 0.25˚, dimension = 2401, n x = 49, n y = 49) as presented in Figure 2(b) . Thereafter, a new grid description file is written for remapping of the wind field into a new horizontal grid resolution (0.125˚ × 0.125˚, dimension = 9409, n x = 97, n y = 97) as summarized in Figure 3 .
Remapping of Wind Field
The wind flow originated at Gulf of Guinea as well as two neighbouring countries "Chad and Niger" is studied using the source grid description file produced at a resolution of 0.25˚ × 0.25˚ (dimension = 2401, n x = 49, n y = 49). Given a native resolution gridded data on global resolution of 0.125˚ × 0.125˚, the desired horizontal grid associated with reanalysis wind speed components indexed at n x = 1 and n y = 1 represents a reference grid point located at longitudinal and latitudinal directions of 3.0˚E and 15.0˚N, respectively. The longitudinal and latitudinal directions of the desired wind field as a function of their indices (n x , n y ) can be estimated from the expressions [23] :
where n x and n y are the number of grid points in the longitudinal and latitudinal directions, respectively; (Δλ) n is the grid resolution between two points in the longitudinal direction; (Δφ) n is the grid resolution between two points in the latitudinal direction. Note: 3˚E and 15˚N are the reference grid point of the desire wind field and extends to λ x (˚E) and φ y (˚N) in the longitudinal and latitudinal directions, respectively.
Using Equations (1)- (2), the longitudinal and latitudinal directions of the desired wind field on a grid indexed (n x = 97, n y = 97), (Δλ) n = 0.125˚, (Δφ) n = 0.125˚ at reference grid indexed (n x = 1, n y = 1) gives λ x = (15˚E), φ y = (3˚N). Therefore, a desired wind field on the grid dimension of 9409 (n x = 97, n y = 97), (Δλ) n = 0.125˚, (Δφ) n = 0.125˚ corresponds to a new wind field on a longitudinal and latitudinal directions of 3.0 -15.0˚E and 15.0 -3.0˚N as shown in Figure 3 . Hence, a new grid description file is produced for remapping an old wind field on grid dimension of 2401 (n x = 49, n y = 49), (Δλ) n = 0.25˚, (Δφ) n = 0.25˚ to a new wind field on dimension of 9409 (n x = 97, n y = 97), (Δλ) n = 0.125˚ and (Δφ) n = 0.125˚. The remapped wind field on a resolution of 0.125˚ × 0.125˚ (n x = 97, n y = 97) utilized for the wind flow study for 10 years period is presented in Figures 4(a)-13(a) . For comparisons, the wind speed datasets for the actual field on a grid resolution of 0.125˚ × 0.125˚ (n x = 97, n y = 97) was obtained as shown in Figures 4(b)-13(b) . The annual mean wind flow of the remapped and actual wind fields on the same geographical coordinates of λ x = (3 -15˚E), φ y = (15 -3˚N) are compared. Finally, a 10-year mean wind speed (m/s) chart for the remapped and actual wind fields on a grid resolution of 0.125˚ × 0.125˚ are shown in Figure 14(a), Figure 14(b) . Table 2 summarized the minimum (m/s), mean (m/s) and maximum (m/s) wind speeds for the remapped field presented in Figure 14(a) , and ranges between 0.00 and 12.40 m/s. From the above mentioned figures, the remapped wind field approximated close to the actual field at smooth and flat terrain and the discrepancies from the actual wind field increased with terrain elevations and contours.
Validation of Remapped with Actual Wind Fields
In the section 3.1, the gridded datasets of the wind field on a resolution of 0.25˚ × 0.25˚ was transformed to a new gridded wind field on a resolution of 0.125˚ × 0.125˚. In determining if the distance-weighted remapping of the field underestimated or overestimated the wind originated at Gulf of Guinea as well as at Chad and Niger into Nigeria, the wind speed values of the remapped field is compared with the actual wind field of the same grid resolution, covering the same longitudinal and latitudinal directions of λ x = 3 -15˚E, φ y = 15 -3˚N. Given an estimated distance-weighted gridded wind speed value k n and the actual wind speed value k at a 0.125˚ × 0.125˚ grid resolution, the absolute error of the two gridded wind speed values is defined by the expression:
where Δx a is the absolute error of the two gridded wind speed values and the mean error (m/s) associated with the remapped wind field is defined by the expression:
In addition, given an estimated distance-weighted averaging wind speed k n and the actual wind speed k at 0.125˚ × 0.125˚ grid resolution, the relative difference of the wind field is given by:
where Δx r is the relative difference of the two gridded wind speed values and the relative error in percentage (%) associated with the remapped wind field is estimated from the given expression:
Using Equations (3)-(6) above, the wind speed biases of the remapped field from the actual field are estimated for a period of 10 years (2005-2014). The estimated annual mean wind speed biases at a grid resolution of 0.125˚ × 0.125˚ (n x = 97, n y = 97) are presented in Figures 15-19 . In addition, Table 3 summarized the overall minimum (m/s), mean (m/s) and maximum (m/s) wind speed biases of the remapped wind field.
From the validation results of the remapped wind field starting from 00:00:00 UTC Jan-01, 2005 to 18:00:00 UTCDec-31, 2014, the remapped wind field approximated the wind close to the actual wind for a homogenous terrain. For complex terrains with surrounding tall buildings, the remapped wind field based on distance-weighted averaging produced a poor remapping and underestimated the magnitude of the wind flow. However, the remapped gridded field from a 0.25˚ × 0.25˚ to 0.125˚ × 0.125˚ grid resolution is a good reflection of the prevailing wind originated from the Gulf of Guinea, Chad and Niger when compared with the actual gridded field on 0.125˚ × 0.125˚ grid resolution. Furthermore, the wind flow comparison for a 10 years period using gridded datasets on 0.25˚ × 0.25˚ and 0.125˚ × 0.125˚ resolutions is a significant step for identification of potential sites at wind regimes with no historical records/in situ measurements. Because of the limitation of ERA-reanalysis wind records in energy application, the development of state-of-the art mesoscale modeling over the geographical coordinates of the wind field should be considered.
Grid Interpolation of Gridded Wind Field and Comparisons with Synoptic Observations
Bilinear interpolation was carried out on the remapped and actual wind fields on a grid resolution of 0.125˚ × 0.125˚ (n x = 97, n y = 97) to obtain the gridded dataset for each synoptic station. To obtain the gridded datasets, the geographical coordinates of 18 stations in Nigeria was obtained from the World Meteorological Organization (WMO) list containing surface and upper-air weather stations' records for synoptic applications. Using each synoptic station coordinates, the gridded wind speed datasets at the surface layer was obtained performing a bilinear interpolation on the remapped and actual wind fields. The wind speed values of each synoptic station in daily temporal resolution of 00:00:00, 06:00:00, 12:00:00 and 18:00:00 UTC for the period of 10 years were obtained. The comparisons of the mean wind speeds of the interpolated synoptic stations from the remapped and actual wind field are presented in Figure 20 . Using Equations (7), (8) above, the minimum, mean and maximum wind speed discrepancies of the remapped field from the actual wind field are estimated as summarized in Table 3 . In addition, the estimated wind speed discrepancies from the actual wind in terms of the mean error (m/s) and percentage error (%) for each synoptic Table 4 . The results summarized in both tables are useful in evaluating the performance of the distance-weighted remapping of the wind field from one grid resolution to another at different geographical coordinates. From the estimated results, it can be seen that the remapped wind field approximated close to the actual wind field at flat terrain and the discrepancies increased with terrain elevations with contours. Finally, the hourly surface wind observations from 18 synoptic stations in Nigeria obtained from the National Ocean and Atmospheric Administration (NOAA) are converted to surface monthly mean wind speed because of missing data points at different times and geographical locations. For comparisons, the minimum, mean and maximum wind speeds of each interpolated synoptic stations are plotted in Figures 21(a)-23(a) , while the minimum, mean and maximum wind speeds for the surface observations are presented in Figures 21(b)-23(b) . Table 5 summarized the annual minimum (m/s), mean (m/s) and maximum (m/s) surface wind speed observations for the synoptic stations. The comparisons of the ERA wind with the surface wind observations proved that the prevailing wind in Nigeria is higher than the reanalysis wind projection obtained from gridded datasets at resolution of 0.125˚ × 0.125˚. However, the reanalysis wind simulation is essential in understanding the wind circulation in Nigeria especially at synoptic stations with missing or very poor historical wind records.
Discussion
The wind circulation within the remapped field studied for a period of 10 years. The wind circulation in terms of convergence and divergence at different geographical locations in Nigeria can be best understood overlaying Figures 4-13 on Figure 1(a), Figure 1(b) . These figures explain the wind flow divergence and convergence at the wind field of coordinates λ x = 3 -15˚E, φ y = 15 -3˚N on a grid resolution of 0.125˚ × 0.125˚. In addition, the magnitude of wind flow covering the longitudinal and latitudinal direction of 3.0 -15.0˚E and 15.0 -3.0˚N has been graphically analysed using a 10 meter U and V wind speed components at a daily timestamp of 00:00:00, 06:00:00, 12:00:00, and 18:00:00 UTC for period of 2005-2014. A strong wind emerged from the Gulf of Guinea, Chad and Niger into Nigeria, and is deflected by terrain elevations and surrounding tall buildings at different geographical locations within the wind field. Furthermore, the wind converged at some cities in the South-West and South-South regions of Nigeria, and a higher percentage of the wind flow is deflected towards neighbouring countries like Benin, Niger and Cameroun. As a result of the terrain elevation differences at geographical locations within the wind field, the magnitude of the wind flow decreases before reaching the South-West region like Lagos, Ogun, Osun, Oyo, Ondo and Ekiti States. These states have a very poor wind potential for energy conversion in the South-West region of Nigeria. The 18 synoptic stations owned by the Nigerian Meterological Agency (NIMET) and situated at different wind locations have been shown to be subjected to the influenced of the wind flow originated from Gulf of Guinea, Chad and Niger.
Nigeria is located within the northern Hemisphere, and the surface high pressure system in the northern Hemisphere has a clockwise rotation turning the wind outwardly from the highest pressure system towards the lowest pressure system. The pressure gradient force (pgf) causes the air parcel to diverge at the centre of the high pressure near the surface level, leading to sinking air in the centre of a high pressure system. This explains the wind flow in Northern Nigeria through: Maiduguri, Damaturu, Katsina, Sokoto, Nguru, Cashua, Hadejia, Birnin Kebbi and Nguru. In the South-West and South-East of Nigeria where there is wind convergence, the low pressure system has anticlockwise rotation and the wind turns inwardly towards the low pressure. These wind convergence at these cities cause air rising at the centre of the low pressure system near the ground, leading to cloud formation and precipitation occurrence.
The comparison of the mean wind speed chart of Nigeria for a period of 10 years is shown in Figure 14 (a), Figure 14(b) while Figures 15-19 summarized graphically the annual mean wind speed biases of the remapped wind field on a grid resolution of 0.125˚ × 0.125˚. In addition, Table 3 summarized the annual wind speed biases (m/s) of the remapped field from the actual field for the same period of 10 years. From the comparisons of the figures and table, the wind speed biases were very small at geographical locations with a smooth or flat terrain and increased significantly at locations with high terrain elevations.
The remapped wind field based on the distance-weighted averaging has been interpolated bilinearly for the identification of potential wind sites in Nigeria. The magnitude of wind flow differs from one geographical location to another as seen in Figures 4-13 . The geographical locations such as Sokoto, Katsina, Nguru, Gusau, Birnin Kebbi, Maiduguri, Zaria, Potiskum, Cashua, Hadejia and Kaduna have a large-scale wind potential for Gus. grid-tie energy application at a much higher altitude, while Gombe, Bauchi and Minna have fair wind prevalence while wind convergence locations such as Abuja and Bida and South-West Nigeria (Lagos, Ogun, Oyo, Osun, Ekiti and Ondo states) have a very poor wind potential and is classified as a very low wind region. The wind flow study at this poor region using ERA-Interim wind dataset agrees with Fadare [24] classification of Ibadan city as a low wind energy region. Table 5 summarized the minimum, mean and maximum wind speeds for 18 synoptic stations derived from surface wind observations. The following wind potential locations were identified based on the 10 years wind flow study: Bauchi (Bau.), Gombe (Gom.), Gusau (Gus.), Kaduna (Kad.), Kano (Kan.), Katsina (Kat.), Kebbi surrounding tall buildings and skyscrapers, causing wind flow obstruction and deflection. Furthermore, the South-West of Nigeria is a very poor region for wind energy investment and should not be considered for grid-tie application except if offshore wind farms would be developed close to Gulf of Guinea and integrated into the transmission network in Lagos. The comparisons of the mean wind speeds of 18 synoptic stations derived from the bilinear interpolation of the remapped and actual wind fields are presented in Figure 20 . In addition, the wind and percentage errors in temporal resolution of 00:00:00, 06:00:00, 12:00:00 and 18:00:00 UTC for a 10 years period have been estimated from the remapped and actual wind speed values (see Table 4 ). The annual mean wind errors and percentage errors for each synoptic station differ from one wind location to another. The estimated wind speed discrepancies show that the wind speed dataset on a field of grid resolution of 0.25˚ × 0.25˚ is suitable and could be substituted with a gridded dataset on 0.125˚ × 0.125˚ grid resolution for smooth and flat terrain. However, the wind speed biases increase at mountains and hill tops with complex topography because of limitation of the distance-weighted averag technique in capturing this terrain complexity during remapping.
The low quality of surface wind observations available for this study makes detailed accuracy comparisons difficult with ERA-Interim reanalysis wind for the synoptic stations. High-quality wind observations at synoptic stations in Nigeria are often not available in long-term period as deployment is often made for routine weather forecasts and not for energy application. However, the hourly surface wind available for 18 synoptic stations were obtained and compared with the interpolated synoptic stations as presented in Figures 21-23 . The wind speed discrepancies could not be estimated because of the missing surface wind observations at the different time of the year. It is expected that the surface wind observations at the considered synoptic stations would be higher than the ERA-Interim reanalysis wind dataset obtained from the atmospheric model simulation.
Conclusion & Recommendation
The remapping of ERA wind field at 0.25˚ × 0.25˚ grid resolution based on a distance-weighted averaging for studying the wind flow in Nigeria has been presented. The estimated wind speed biases show that a gridded wind speed dataset at 0.25˚ × 0.25˚ resolution is suitable and can be substituted with a gridded dataset at 0.125˚ × 0.125˚ grid resolution. The wind potential sites for grid-tie electrification in northern region such as Sokoto, Katsina, Nguru, Gusua, Birnin Kebbi, Maiduguri, Zaria, Potiskum, Cashua, Hadejia and Kaduna have been identified and should be explored for medium-scale energy conversion at a higher altitude AGL. The geographical locations such as Lagos, Ogun, Oyo, Osun, Ekiti and Ondo states are poor wind regime and unsuitable for enery application based on the wind flow study conducted for 10 years period. A high-quality surface wind speed observations at these synoptic stations in Nigeria for long-term period can be acquired if available for ascertaining the listed wind sites in North and South-West regions of Nigeria. The integration of other forms of renewable energy can be possible if overhauling of existing transmission lines is done and new networks are built to accommodate different energy sources (i.e. energy mix). The procedures for transformation of gridded wind datasets from one resolution to another could be tested and compared with different atmospheric model simulations. Finally, cost analysis model should be developed before wind energy investment in Nigeria.
